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Introduction

This research area is intended to contribute towards the development of the
next generation of remotely’operated vehicles (ROV’s) currently under development
by the US Navy. A concept for one such design is shown in figure 1. In these
vehicles, the operator does not operate traditional controls (switches, joysticks,
levers) in order to operate the vehicle, but experiences complete visual, auditory,
force, and touch feedback directly from the remote environment in which the vehicle
is operating. If the fidelity of the sensory feedback is high enough, the operator
_ experiences ‘telepresence’ or ‘virtual reality’, a state in which the operation of the
vehicle become more natural to the operator, thereby reducing operation time and
increasing task effectiveness.

It is known that many, if not most, diving operations are conducted in conditions
of little or no visibility, and human divers accomplish much of their work based on
what they can feel rather than what they can see. It follows that if the ROV has to
operate in similar conditions, we need to know how this blind touch probing would
be perceived by the operator on the surface, and what strategies would be employed
in order to accomplish certain tasks. It is in this area of probing by means of touch,
commonly called haptic probing, that the PI is involved.

This final report covers research into several aspects of haptic sensing, and in
particular, investigations of the way the haptic system may be used in conjunction
with a tcleoperator system to identify remote objects. The work proceeded in
two main dicections. Firstly, experimental data obtained by the PI while working
as an OMR Fellow at NOSC was analysed, and several hypotheses regarding the
mechanics of human haptic probing were evaluated. In the second area, the design
of a multi-degree of freedom mechanical hand is undertaken. Such a device will be
required to achieve the necessary dexterity expected of a system capable of achieving
telepresence on the part of the operator.

Haptic Probing

In the summer of 1989, the PI had the oportunity to work with the Adaptive
Systems Branch, NOSC in order to begin preliminary work in this area. The branch
had a CRL force reflecting telemanipulator (see fig 2) on which experiments were
performed. In the ten weeks allocated to the fellowship, only preliminary exper-
imental procedures could be designed and executed. In the fall of 1989 the PI
researched some of the physiological background to this subject and proposed sim-
ple models for the operation of the human haptic system when used in conjunction
with a bi-lateral force reflecting telemanipulator. These findings have been writ-
ten up in one conference paper (appendix A) and one journal paper (appendix B),
currently accep’ed for publication, though not yet in print.
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In order to continue this research, a CRL manipulator has been purchased and
will be delivered in December 1990 to NPS. This will allow further extensive testing
of hypotheses on haptic probing in conjunction with telemanipulator devices. It
is expected that this work will lead to a basic understanding of the mechanics of
haptic probing and object recognition, and the development of computer assisted
aids to enhance operator recognition.

/
End-Effector Design

- Figure 1 shows that the remote robot arm is fitted with a human-like (anthro-
pomorphic) end effector capable of manipulating hand and power tools. Although
such devices exist in the laboratory, their mechanical design is somewhat complex
due in part to the remote actuation of the finger joints by means of tendons. This
leads to frequent failures in heavy use of the hand. The PI has developed a novel
approach to the design of such hands in which the actuator, consisting of a minia-
ture DC motor and gearbox, is built directly into the finger unit itself. A prototype
finger based on this design is shown in figure 3. Part of the project was to further
develop the design of this end effector to decrease the size shown in figure 3 to one
which approaches that of the human hand.

Commercial gearmotors were identified for this task and a prototype finger joint
was constructed. This reduced the size from about 3 x human size to approximatly
1.5 x human size. Appendix 3 includes some of the drawings on which the new
design is based.

Unfortunatly, work in this area had to be suspended until FY1990 due to the
redirection of funds towards the purchase of the CRL telemanipulator mentioned
previously. Work has re-started on this topic with a graduate student investigating
the control system for the finger unit.

Conclusions

Good progress has been made in both the areas described, although it has taken
a year to establish a laboratory facility in which the work can be performed. With
the delivery of the CRL arm imminent, and several graduate students interested in
many aspects of the research, progress is expected io continue in 1991.
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Abstract

In this work, we are concerned with the role that the haptic system plays in teleoperation
i.e. the exploration and manipulation of objects by & human operator using a remote robot
arm. The approach is to incrementaly enhance the remote touch-sensing capability beyond
kinesthetic force feedback to include contact data and local re-perception and compare the
time to identify quasi-two dimensional objects with that of s directly held probe. Results
obtained indicated that friction between the remote probe and the environment made the
feedback signel “noisy” leading to conflicting and inaccurate hypotheses by the operators.
Sensory feedback improved the signal to noise ratio giving performance levels approaching
thone of direct, as opposed to remote, probing.

Introduction P

In this paper we are interested not so much in direct manipulation of objects, but in
remote manipulation using a mechanical teleoperation device. The placement of a telema-
nipulator between the operator and the task to be performed acts as a kind of filter to
many kinds of sensory feedback, including touch, and in most cases degrades the operator’s
ability to accomplish tasks that would be quite simple if performed directly. Nevertheless,
the study of telemanipulative tasks is of considerable interest since this is 8 common way of
separating humans from hazardous environments.

Conlemporary telemanipulation facilities usually contnin many sensory feedback pathe
to maniat the operntor in the accomplishment of some task. The manipulator itsell may
have force-feedback capability allowing the operator to sense the presence of an obstacle
or constraint. Force feedback is usually of the terminus type, as shown in Figure 1, where
only end-point forces at the control handle are felt, although some manipulators implement
anthropomorphic feedback in which shoulder, elbow, wrist, hand and finger forces are sensed
through an exo-skeletal structure worn by the operator. Visual feedback is obviously im-
portant, and this may be accomplished either directly through a viewing window, or by
using = camers and video display for more remote spplications. Audio and touch feedback
are also significant contributors to performance and are complimentary in many ways, since
sound produced by tapping an object provides confirmation of contact in the absence of
direct tonch senring by the remote probe, For the work reporled here, particular attention
is focussed on the sense of touch. The reason for this is, firstly, that many fine motion
manipulations, such as assembling an electrical connector, utilize touch feedback more than
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any other sense, and secondly there are many operational taska where visual feedback is
cither linpaired or Lotally abuenl, 1L e known, for exmimple, [H] that anderwater divern sely
more on what they ean feel rather than whnt they ean see; particnlarly in larhid waler,

Dineonrion of the sense of touch inlroduces the coneepl of haplica, which tecently han been

Figure 1: Operator Handle on Terminus Tele-Manipulator

used to imply greater meaning than Gibson’s [2] “purposive touch” contained in his original
definition, We define the haptic system to comprise many parts including:

1. Tactile (localised) sensing of fine features

2. Proprioceplive (kinesihelic) sensing of enarse position

3. Other sensing systems such as temperature and pain
4. A two-way communication channel between the central nervous system and the brain
5. Perception processes to formulate hypotheses about the environment

6. Motor control mechanisms to re-distribute the primary sensor systems

Previous work in this area has concluded that although the haptic system may be used
to recognize three dimensional objects both accurately and quickly, two dimensional object
recognition in accomplisked less miccenslully. In the tests reported by Lederman, Klatzky
and Barber [4], raised two dimensional profiles were traced and recognition was attempted,
resulting in poor performance. In other work on three dimensional object recognition re-
ported by Klatzky, Lederman and Metzger [3] blindfolded subjects were allowed to pick up
one of a set of 100 common objects and attempt recognition. In these tests, good results
were obtained with only 4% of the tests resulting in mis-classification. Lederman, Klatzky
and Bajcsy [4] report other published work which supports their conclusions that the haptic
system is poorer st recognizing two dimensional shapes compared to its abilities regarding
three dimensional objects.
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Figure 2: Independent Varizbles of Haptic Perception

In the work reported here, we have investigated further the abilities of the haptic system
to explore and recognize essentialy two dimensional shapes using a telemanipulator.In ad-
dressing the problem of emulating the human haptic system in machines, much attention has
been focunsed on the area of tactile sensing. Machine haptics obriously has contributions
from a much larger collection of components than just sensing. By considering the current
statun of teleaperation, and the efforts to imprave this status so that the operator artually
feels as though he or she is in the remote workplace (telepresence), some of the other mecha-
nisms which impact teleoperstor performance can be identified. Our research has identified
four such mechanisms, which we propose to define as haptic varisbles. They directly in-
fluence the ability of teleoperators to perform complex tasks. These haptic variables are
" (1) tactile sensing (2) tactile display (3) force reflectance and (4) end effector dexterity. Al-
though these mechanisms are also present in the human haptic system, they are less wriable
for the purposes of experimentation. These independent variables are represented in Figure
2, which also indicates examples of discrete componenents of each technology beginning with
the most simple in the periphery of the diagram and increasing in eomplexily townrdn the
center, which in the goal of full telepresence, A ayatem enmprising enmponents loeated near
the center of the diagram would be expected to have capabilities approaching those of the
human hand. Note that for mechanical teleoperator systems with man in the loop control,
the definition of haptic variableg is consistent with the definition of the components of the
haptic system given earlier, since the human operator provides the information transmission,
cognitive and motor control functions directly through the manipulstor.

Method

The objective behind the experimental work reported in this section is to investigate
object recognition through remote haptic probing alone, and to determine which haptic
variables will produce the most mignificant improvement in performance. In selecting the
objecl set thal operalors would be aaked to identify, it was decided to use wooden letlera of

10



874

Figure 3: Remote Tele-Manipulator Probe

the alphahet about six inches tall and one inch thick. Fnr esch trial, a letter was aelected at
randomn from the aet of 26 and atinched in & mndom orientation to a metal taskboard. The
manipnlator uaed wan a CRI foree refiecting unit of the terminna type, which e ana that
only forcea at the controller handie are aensed. Fores reflection i achirved anechanically
through antagenistic eables operating each degree of freedom of the manipulator. The
remote probe consisted of a 1/4 inch diameter steel tube about 6 inches long. Figure 3
showa the manipulatar probing a teat character. The operatar handle ir constructed in the
form of & pistol-type grip (see figure 1). For all tests operators wore earplugs and headphones
connected to a pink noise source so that all audible cues wer. masked. The operator was
prevenied from directiy viewing the taskboard and remote probe by a curtain.

A total of three operators were wed in each of four experiments. For each experiment,
pome twenty triala were performed . Although each operatnr had prior experience uing
the teleoperatlar ayatem, the triala for each of the experimenta wers performed in a eandomn
sequenice Lo equnalize Lhe effecta of increaning familiarity with the equipment aver the enurae
of the experiment. The four experimsnts all itvolved the recognition of a randomly selected,
randomly oriented letter of the alphebet, but differed in the sensory feedbrck provided (o
the operator during his probing. The specific conditions relating to each experiment were
as followa.

Experiment 1:  Force feedback only, audio and visual masxing.

Experiment 21 As sbove bul with edge contect feedback,

Fxperiment 31 Same as Experiment 1, but with observation of hand
controlier movement permitted.

Lxperiment 4:  No teleinanipulator, trac.ag using hand held probe

Experiment 2 allowed the yperator to observe when the remate probe waa in contact with
the edge of the letier. To achieve this, each wooden lett *r had aluminum foil tape wrapped
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around the edge, and 8 Dattery connecled to it. The other battery terminal wan conn. rind
{n the remote probe en that when the probe was in ontncl with the edge of the letier a
areuil was completed and & arnall Light emitting diode (LEDY) waa Hluminated  The LED
was placed into & small hole drilled inte the mask worn by the uperaiar so that edge rantact
oonfirmation waa made available to himn diteetly in {ront of hie right eye. P'rior 4o eadd,
tesl aession, the operator was diowed (o view a cnpy of the font uaed for the characiers s
that subtle differencen could be obeerved, ouch as the difference belween wi M and inverisd
W, or an N and & Z. Operators were aked to provide a running eomnmentary of what they
thought was happrning during the teat, Operator commenia and temole prohe activity were
teenrded anto the aame viden tape. The operator was inatrieted ¢o einplinsize acaracy of
identification rather than speed, and to make a desr identification st the coneslusion of the
prabing. Operators were told if they made anincorrect identifization, and the teat continned.
A time limit of ten minutes for recognition of a single lette) wan enforeed, and the number
of trinls resulting in non-identification after thie period waa recorded. A awcond perfosmsnce
measurs was the elapsed time required for eorrect jdentification, which waa then averaged
aver all trialn {or the experiment.

Raesults
The reaulta are shown in Figure 4 which indicatea buth the average time fur character

identification and the numbper of times ldentification was nol pasaible within the peomiited
time penod.

Discussion

+The results of Experiment 1, tngether with the cornmeniary provided by operatnrs i
the cases where no successful identification was schieved, provide insight Into (he proceas
of teleoperation, and how performance may be enhanced. The malu anbiguity obaerved by
operators was the insbility to distinguleh contact forees between the probe and the letter
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from frictional forces between the probe and the taskboard. This was observed during the
tests when the probe appeared to be following an edge quite accurately, but when a corner
occurred, the probe continued to move in & straight line along the taskboard, constrained
enly by the end-point frictional forces, The operator was unaware of the situntion until the
length of the pereeived edge beenme Inrger than hin a priori expectalions aliout the longeal
tenl adge, and & re-exploration of the tnakboned oeeureed. Thin leada to L coneapt of »
sigunl (o nalne eatio for haptie datn where tha signal in Lhie cane tn the probe letter contael
foree and the nolae in the proha.taakbonaed frletional foree, Iy sitantlonn seh an Bxperiment
| where the signal in relatively amall compared to the noine, many ambiguities nrine making
the identification of simple primitives sch an edges or corners diftienlt. Wegquently, even
contact itsell was incorrectly assumed to have occurred and haptic probing took place totally
in the presence of noise only.

The generation of end-point frictional forces at the probe is closely linked to the levels
of internal frictional forces within the telemanipulator lisell, ss indicated by the following
example. Suppose the control handle can be moved in any direction in space, but to caure
such movement a static frictional force of say SN has to be overcome. No obstncle in the path

of the remote probe can be detected until a force greater than 5N is exerted. If one considers

the general strategy of probing a letter, the operator attempts to conceptualize the location
and orientation of the taskboard and then tries to move the probe lightly over the board until
contact with the letter.is made. Then, still minimizing the contact force between the probe
and the taskboard, the probe is traced around the letter building up individual primitives
into features and spatially mapping them into a recognizable object. Light contact with
the taskboard is required to minimize the generation of end point frictional forces thereby
incrensing the signal to noise ratio during the probing phase. The internal friction of the
manipulator however determines the magnitude of the friction force at the probe tip through
the equation of static friction:

F=upR

where F is the frictional force along the plane of the taskboard, u is the coefficient of static
friction for the pair of materials comprising the task board and probe, and R is the force
applied normal to the task board by the operator. If P is the internal static frictional force
of the manipulator in a direction normal to the task board, it can be seen that

F>uP

Higher internnal frictional forcen therefore require lnrger contact forces in order to dis.
tinguinh end point friction from objecl contact, and the search in characterised by clumny,
sometimes sudden movements when the probe leaves the object. Large excursions of the
probe inhibit accurate relocation on the object and generally degrade the spatial mapping
of primitives already identified.

Lower frictional forces allow delicate probing to take place, small, subtle features to be
identified, and a general decoupling of the end point and contact forces. Object contact
sensing seemned more dependent on the rate at which force was detected rather than the
absolute level of forge itsell. Operators used this effect to detect objects by tapping the
edge of the object with the probe. Although the sound of tapping could not be heard
by the operator, the mechanical coupliny of the probe and control handle had mfficient
high frequency bandwidth lo pass linpulsive commponents of force to the control handle.
This has significant implications for teleoperated systems connected electrically, rather than
mechanically, since high bandwidth transmission over substantial distances may be more

12
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difficult to achieve, Experiment 1 indicates that due to the relatively high level of friction
prerent in the telemnnipulator, nmlugmlw due to end point friction had a mgnificant efTeet
o perfurmmnee, teaunlting hZonly 40% of the Ginla ending in suecess, In those Uint filed,
aperators teparled little Wlen of whint I|u~ lebler tulght Do aned thint it her paaldong pobimdidy
wonld not have aided In eeeognition. 'I'his sltuation representa atandnrd telemanipulntor
tnaks in a [rictional environment, with an average recognition time for the tank of 390
seconds. Two mechanismn were lested an polential aidn to object recognition. In the firsl of
these, Experiment 2, object contact information was supplied to the operator, and resulted
in a substantial improvement in performance by allowing the operntor to discount apparent
boundary information generated by end point friction. Observed probe motion was still
somewhat cdlumay but operators reported better conceptualistion of the letter shape due to
noise rejection. In these tests, recognition times were dramnhcally reduced to an average of
A4 meconds, and no failures in recognition were reported,

In Fxperiment 3, the proceas of re.pereeption [B] allowed operatora to visunlize object
primitives by direct observation of the control handle, as well as the delerminntion of the
spatial relationship between these primitives. This also reduced object recognition times to
an average of 265 seconds and the failures to identification, although the eflect was not as
great as the reduction in signal to noise ratio. Experiment 4, in which the operator held a
geometrically similar probe to the one attached to the telemanipulator but stood directly in
front of the taskboard and attempted to identify the letter, produced the best performance
of all, with no failures and an average recognition time of only 15 seconds.

It is not clear at this stage why the human system is more than an order of magnitude
better than what seems Lo he an equivalent mechanical ayatem. Refore diacunsing the dif-
ferencen between the aysteins, iU in unelol Lo reenll thelr aimllarities. Both ayalemn do not
have any form of tactile sensing or display and both rely only on proprioceptive feedback.
In both cases, probing took place with the hand in the same position with respect to the
probe, which was made of the same materials. Possible mechanisms which might account
for the disparate results of the human and machine based systems include friction, iner-
tia, compliance and kinematic redundancy. In all cases, the manually-coupled probe was
able to trace the object boundary at high speed, often making little or no contact with the
taskboard. From previous arguments, this is indicative of & system with very little internal
friction, which seems to be the case with any biological system. The different frequencies of
mechanical vibration generated by taskbonrd and ohject eontacta were clearly dincernable
with the manually held probe, bul were absent with the mechanical ayatem preanmably
due to mechanical filtering by the manipulator and transmission structures. The mechan-
ical probe acceleration was less than the manusl probe due to the considerable inertia of
the manipulator. This precludes rapid tracing, and results in loss of contact when a sharp
corner is encountered. The slow data rate imposed by the inertial effect also degrades the
spatial mapping of object primitives by the process outlined earlier. It was also noticed that
the human arm could generate variable compliance in different directions relative to the
taskboard. In the exploratory procedures observed, the probe was very compliant normal to
the board, which also assisted in reducing the sudden build up of end point fricional forces,
yet was stifl in any direction parallel to the board so as to generate a rapid rate of change
in contact force if molion other then along the object boundary were to take place. Thin
may have been schieved because the human arm is, by definition, anthropomorphic, while
the manipulator operates on a terminus force control principle. Finally the manipulator
arm kinematics are not redundant as is the human arm. This means that the human arm,
unlike the manipulator may re-position the major limbs without changing the end effector
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(the hand). This may provide flexibility when directional compliarnce is required for certain
tosks.

Conclusions

Cotnparative leats with s lelemenipulator system in common use indicate that haptic
probing in order to identify objects belonging to & wide, though well defined set, results in
relatively poor performance. Oae reason suggested for this is the effect of end-point friction
hetween the prohe and the taskbonrd on which the ahject in mounted. Fad point friction is
I torn related (o the irvel of internal friction present within the manipulaior arm.

Senaiy feedbinck hinprovea petfinnnnee, aud twes typea of ferdiinih wrre lnvestignied,
e eflect of re-pereeption amisted the concaptunlisation of object primitivan and tieir
spalial relationalips to each other and reanlted In a reduction in the manber of reognition
faitures and in the reduction of object recognition times. The availability of unambiguous
object contact inlormation reduced the haptic signal Lo noise mtio and resulted in all objects
being recognized, again with a further reductin in recognition times.

Resulte obtaired using direct probing by & human operator indicated substantisl improve-
ments in performance, and it in suggested that this is the result of differences in friction,
inertia, compliance and kinematics between the humen and mechanical aystems.
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Introduction

In this paper we are interested not so much in direct manipulation of objects, but
in remote manipulation wsing a mechanienl telenperation deviee. The placement of a
telemanipulator between the operator and the task to be performed acta as a kind of
filter to many kinds of sensory feedback, including touch, and in most cases degrades
the operator’s ability to accomplish tasks that would be quite simple if performed .

Ty

Abstract

In this work, we are concerned with the role that the haptic system plays in
teleoperation i.e. the exploration and manipulation of objects by 8 human operator
using a remote robot arm. The approach is to incrementaly enhance the remote
touch-sensing eapability beyond kinesthetic force feedback to inclnde contact data
ana local re-perception and compare the time to identify quasi-two dimensional

i objects with that of a directly held probe. Results obtained indi-ated tha’ friction
vetween the remote probe and the environment made the feedb 'ck signal “noisy”
leading to conflicting and inaccurate hypotheses by the operator- Sensory feedback
improved the signal to noise ratio giving performance levels approaching those of
direct, as opposed to remote, probing. .

Relavence of Work

Experimental work is described which investigates the way ..uma~s identify ob-
jects using the sense of touch (haptics) only, in conjunction with a remote teleoper-
ator mechanism. The work impacts what may be achieved through telepresence in
the control and use of remotely operated vehicles (ROV's) particularly for sub-sea
operations where visual data may not be available.

Keywords

Teleoperation, Haptics, Sensory Feedback, Force Reflection, Recognition.




6. Motor control mechanisms to re-distribute the primary sensor systems

Although the above does not provide a formal definition of haptics, it allows
the use of terms such as haptic recognition to mean that part of the haptic system
dealing with the cognitive or perceptive phase of touch. Similar definitions of haptic
scnsors or haplic probing follot from the above lisl. In our work, we are primarily
inlereated in recognizing objectn uning essentinlly proprioceplive informntion, with
little emphasis on tactile data about smaller, local features. The object set to be
recognized has to be selected carefully, since we assume that the operator has some
previous experience with and knowledge of the objects, yet there is sufficient vari-
ation in the set to provide a reasonably challenging task given the capabilities of
the telemanipulator. Previous work in this area has concluded that although the
haptic system may be used to recognize three dimensional objects both accurately
and quickly, two dimensional object recognition is accomplished less successfully. In
the tests reported by Lederman, Klatzky and Barber (1987), raised two dimensional
profiles were traced and recognition was attempted, resulting in poor performance.
In other work on three dimensional object recognition reported by Klatzky, Led-
erman and Metzger (1985), blindfolded subjects were allowed to pick up one of a
set of 100 common objects and attempt recognition. In these tests, good results
were obtained with only 4% of the teats resulting in mis-classification. Lederman,
Klatzky and Bajcsy (1987) report other published work which supports their con-
clusions that the haptic system is poorer at recognizing two dimensional shapes
compared to its abilities regarding three dimensional objects.

In the work reported here, we have investigated further the abilities of the haptic
system to explore and recognize essentialy two dimensional shapes using a telema-
nipulator. While acknowledging the previous work referenced above, it was felt
that in some respects the object sets selected for the two and three dimensional ex-
ploratory testing were disparate in their familiarity to the subjects, and other factors
mny be equally significant. For example, compare the task of identifying a contour
profile of South America with that of recognizing a toothbrush, two examples given
in Lederman (1987). One might argue that subjects would be more familiar with a
toothbrush than with the map which is, after all a representation of another actual
object. Further, in handling a real object, other sensory mechanisms are at work,
such as explorations of weight, compliance, temperature, surface texture and so on.
In the first case of the map, an exploratory procedure would probably be employed
which builds primitives into features, and relates features to objects as indicated
by Stansfield (1986) except that proprioceptive data rather than tactile data would
be spatially integrated. The acquisition of data for this task would be much slower
than closing one’s hand around a toothbrush, and since the haptic recognition sys-
tem works essentially with dynamically refreshed data it might be expected that
the toothbrush would be identified first. Some significance may also be attributed
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o the relative rale of propreaceptive aud tactile aanging in the two tarka, |y the
map tracing task. tactile sensing scrves only to guide the finger along the contour
and provides no information about the object to be recognized. Tactile sensors may
indicate that the contour is plastic or wood, smooth or rough however none of these
are attributes of South America. For this task, proprioceptive (kinesthetic) probing
is the dominant mode. In the second task using three dimensional objects, their size
was sclected so they could be held in the hand which suggests that tactile sensing
dominated kinesthelic sensing. While it ia not clear what the quantitative effect of
the propreoceplive/tactile datn ralio s, the nbove tentn aeem Lo have aubatantinlly
diffcrent values. An interecsting experiment, perhaps offering a more appropriate
comparison with the two dimensional profile experiments, would be to have sub-
jects explore larger three dimensional objects such as a kitchen range, or a personal
computer using one finger only.

In addressing the problem of emulating the human haptic system in machines,
much attention has been focussed on the area of tactile sensing. Machine hap-
tics obviously has contributions from a much larger collection of components than
just sensing. By considering the current status of teleoperation, and the efforts to
improve this status so that the operator actually feels as though he or she is in
the remote workplace (tclepresence), some of the other mechanisms which impact
teleoperator performance can be identified. Our research has identified four such
mechanisms, which we propose to define as haptic variables. They directly influence
the ability of teleoperators to perform complex tasks. These haptic variables are (1)
tactile sensing (2) tactile display (3) force reflectance and (4) end effector dexterity.
Although theae mechanisima are also preaent in the hnan hiaplic ayatem, they are
less variable for the purposes of experimentation. These independent variables are
represented in Figure 1 which also indicates examples of discrete componenents of
each technology beginning with the most simple in the periphery of the diagram and
increasing in complexity towards the center, which is the goal of full telepresence.
A system comprising components located near the center of the diagram would be
expected to have capabilities approaching those of the human hand. Note that
for mechanical telroperator systems with man in the loop control, the definition of
haptic variables is consistent with the definition of the components of the haptic sys-
tem given earlier, since the human operator provides the information transmission,
cognitive and motor control functions directly through the manipulator.

Method

The objective behind the experimental work reporied in this section is .0 inves-
ligate object recognition through remote haplic probing alone, and (o determine
which haptic variables will produce the most significant improvement in perfor-




mance. In selecting the object set that operators would be asked to identily, it
waa decided to use wooden letters of the alphabet about six inches tall and one
inch thick. For ench trinl) n letter waa melected at random from the ret of 26 aned
attached in a random orientation to a metal taskboard. The manipulator used was
u CRL force reflecting unit of the terminus type, which means that only forces at
the controller handle are sensed. A schematic diagram of this manipulator is shown
in figure 2. Force reflection is achieved mechanically through antagonistic cables
operating each degree of freedom of the manipulator. The remote probe consisted
of n 1/4 inch diamcter steel tube about 6 inches long. The operator handle is
conalructed in the form of a pistol-type grip. A detnil of the operator handle ia
shown in figure 3, while the probe in shown in ligure 4. For all teata operntors wore
earplugs and headphones connected to a pink noise source so that all audible cues
were 1masked. The operator was prevented from directly viewing the taskboard and
remote probe by a curtain.

A total of three operators were used in each of four experiments. For each
experiment, some twenty trials were performed. Although each operator had prior
experience using the teleoperator system, the trials for each of the experiments were
performed in a random seqitenee Lo equalize the effecte of in-reasing fnmilinrity with
the equipment over the course of the experiment. The four experiments all involved
the recognition of a randomly selected, randomly oriented letter of the alphabet,
but differed in the scnsory feedback provided to the operator during his probing.
The specific conditions relating to each experiment were as follows.

Experiment 1:  Force feedback only, audio and visual masking.

Experiment 2. As above but with edge contact feedback.

Experiment 3: Same as Lxperiment 1, but with observation of hand
controller movemnent permitted.

Experiment 4: No telemanipulator, tracing using hand held probe

Experiment 2 allowed the operator to observe when the remote probe was in con-
tact with the edge of the letter. To achieve this, each wooden letter had aluminum
foil tape wrapped around the edge, and a battery connected to it. The other battery
leriminal war connected to the remole probe so that when the probe was in conlact
with the edge of the letter a circuit was completed and a small light emilting diode
(LED) was illuminated. The LED was placed into a small hole drilled into the mask
worn by the operatcr so that edge contact confirmation was made available to him
directly in front of his right eye. Prior to each test session, the operator was allowed
to view a copy of the font used for the charncters so that subtle differences could
be observed, such as the difference between an M and inverted W, or an N and a
Z. Operators were asked to provide a running commentary of what they thought

was happening during Lhe test. Operator cotniments and remote probe aclivily were




rerorded onto the satne video tape, ‘The operator was instructed to emphasize ac-
curacy of identificalion rather than speed, and to make a clear identification at the
conclusion of the probing. Operators were told if they madec an incorrect identi-
fication, and the test continued. A time limit of ten minutes for recognition of a
single letter was enforced, and the number of trials resulting in non-identification
after this period was recorded. A second performance measure was the elapsed time
required for correct identification, which was then averaged over all trials for the
experiment.

Results

The results are shown in figure 5 which indicates both the average time for
character identificetion and the number of times identification was not possible
within the permitted time period.

Discussion

The results of Experiment 1, together with the commentary provided by oper-
ators for the cases where no successful identification was achieved, provide insight
into the procesc of teleoperation, and how performance may be enhanced. The mein
ambiguity observed by operators was the inability to distinguish contact forces be-
tween the probe and the letter from frictional forces between the probe and the
taskboard. This was observed during the tests when the probe appearcd to be fol-
lowing an edge quite accurately, but when a corner occurred, the probe continued to
move in a straight line along the taskboard, constrained only by the end-point fric-
tional forces. This is shown in figure 6 where the probe moves from A to the corner
B, but continues in the direction C. The operator was unaware of the situation until
the length of the perceived edge became iarger than his a priors expectations about
the longest real edge, and a re-exploration of the taskboard occurred. This leads to
the concept of a signal-to-noise ratio for haptic data where the signal in this case is
the probe-letter contact force and the noise is the probe-taskboard frictional force.
In situations such as Experiment 1 where the signal is relatively small compared
to the noise, many ambiguities arise making the identification of simple primitives
such as edges or corners difficult. Frequently, even contact itself was incorrectly
assumed to have occurred and haptic probing took place totally in the presence of
noise only.

The generation of end-point ftictional forces at the probe is closely linked to the
icvels of internal frictional forces within the telemanipulator itsell, as indicated by
the following example. Sufpose the control handle can be moved in any direction
in space, but to cause such movement a static frictional force of say 5N has to be




overcome. No obstacle in the path of the remole probe can be detected until a
force greater than AN s exerled. If one connidera the genernl atealegy of probing
a letter, the operator attemple Lo conceplunlize the location and orientation of Ue
taskboard and then tries to move the probe lightly over the board until contact with
the letter is made. Then, still minimizing the contact force between the prote and
the taskboard, the probe is traced around the letter building up individual primitives
into features and spatially mapping them into a recognizable object. Light contact
with the taskboard is required to minimize the generation of end point frictional
forces thereby increasing the signal to noise ratio during the probing phase. The
lnternal friction of the manipulator however delermines the magnitnde of the fiiction
force at the probe tip through the equation of static friction:

F=unr

where I is the frictional force along the plane of the taskboard, u is the coeflicient
of static friction for the pair of materiale comprising the task board and mabe, and
Ris the force applied normal to the task board by the operator. If P is the internal
static frictional force of the manipulator in a direction normnl to the task board, it
can be seen that

F>upP

Higher internal frictional forces therelore require larger contact forces in order
to distinguish end point friction from object contact, and the search is characterised
by clumsy, sometimes sudden movements when the probe leaves the object. Large
cxcursions of the probe inhibit accurale relocation on the object and generally
degrade the spatinl mapping of primitivea already identified. )

Lower frictional forces allow delicete probing to take place, small, subtle fea-
tures to be identified, and a general decoupling of the end point and contact forces.
A somewhat different effect is due to internal compliance of the telemanipulator.
Operators felt that if the remote probe came into contact with a rigid object and
then deformed under the action of a form of torsional stifiness, the control handle
did not reflect the existence of the object very precisely. Object contact sensing
scemmed more dependent on the rate at which force was detlecled rather than the
absolute level of force itself. Operators used this effect to detect objects by tapping
the edge of the object with the probe. Although the sound of tapping could not
be heard by the operator, the mechanical coupling of the probe and control han-
dle had sufficient high frequency bandwidth to pass impulsive components of force
to the control handle. This has significant implications for teleoperated systems
connected electrically, rather than mechanically, since high bandwidth transmission
over substantial distances may be more difficult to achieve. Experimen! 1 indicatcs
that due to the relatively high level of friction present in the telemanipulator, am-
biguities due to end point friction had a significant effect on performance, resulting
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in only 40% of the trinls ending in success. In those that failed, operators reported
little idea of what the letter might be and that further probing probably would
nol have afded in recognition. Thia situation represents standard telemnanipulntor
tasks in a frictional environment, with an average recognition time for the task of
390 scconds. Two mechanisms were tested as potential aids to object recognition.
In the first of these, Experiment 2, object contact information was supplied to the
operator, and resulted in a substantial improvement in performance by allowing
the operator to discount apparent boundary information generated by end point
friction. Observed probe motion was still somewhat clumsy bul operators reported
better conceptualiztion of the letter shape due to noise rejection. In these tests,
recognition tlitnes were dramatically reduced to an average of 81 secconds, and no
failures in recognition were reported.

In Experiment 3, the process of re-perception (Kearst 1978) allowed operators
to visualize object primitives by direct observation of the control handle, as well
as the determination of the spatial relationship between these primitives. This also
reduced object recognition times to an average of 265 seconds and the failures to
identification, although the effect was not as great as the reduction in signal to noise
ratio. Fxperiment 4, in which the operator held a geometrieally similar probe (o
the one attached to the telemanipulator but stood directly in front of the taskboard
and attempted to identify the letter, produced the best performance of all, with no
failures and an average recognition time of only 15 seconds.

In interpreting the results of these experiments, it 1s worthwhile remembering
that one of the dominant eflccts in haptic recognition is the speed at which infor-
mation is gathered and reteined by the sensory and cognitive systems. The ability
therefore to distinguish signal from noise is useful by itself, but since it will allow
exploratory procedures to be performed much more rapidly, it will increare the
Lkelihood of recognition. A nonlinear eflect may be expected in the reduction of
recognition times as the haptic process is aaded by sensory feedback due to this rate
of signal acquisition.

It is not clear at this stage why the human system is more than an order of
magnitude better than what seems to be an equivalent mechanical system. Before
discussing the differences between the systems, it is useful to recall their -imilarities.
Both systems do not have any form of tactile sensing or display and both rely only
on proprioceptive feedback. In both cases, probing took place with the hand in the
sarne position with respect to the probe, which was made of the same materials.
Possible mechanisms which might account for the disparate results of the human
and machine based systems include friction, inertia, compliance and kinematic re-
dundancy. In all cases, the manually-coupled probe was able to trace the object
boundary at high speed, often making little or no contaet with the taskboard. From
previous arguments, this is indicalive of a system with very little internal friction,




which seems to be the case with any biological system. The different frequencies
of mechanical vibration generated by taskboard and object contacts were dearly
discernable with the manually held probe, but were absent with the mechanical
system presumably due to mechenical filtering by the manipulator and transmis-
sion aiructures, T'he mechanical probe acceleration waa Jean than the manual probe
due to the conalderable fnertin of the manipulator. ‘I'his precludes rapid tracing,
and results in loss of contact when a sherp corner is encountered. The slow data
rate imposed by the inertial effect also degrades the spatial mapping of object prim-
itives by the process outlined eatlier. It was also noticed that the human arm could
generale variable ccmpliance in different directions relative to the taskboard. In
the exploratory procedures observed, the probe was very compliant normal to the
board, which also assisted in reducing the sudden build up of end point fricional
forces, yet was stifl in any direction pearallel (o the board 8o as to generate a rapid
rate of charge in contact force if motion other than along the object bcundary were
to take place. This may have been achieved because the human arm is, by defini-
tion, anthropomorphic, while the manipulator operates on a terrninus force control
principle. Finally the manipulator arm kinematics are not redundant as is the hu-
man arm. This means that the human arm, unlike the manipulator may re-position
the major limbs withoui changing the end effector (the hand). This may provide
ficxibility when directional compliance is required for certain tasks.

Conclusions

Comparative tests with a telemanipulator system in common use indicate that
haptic probing in order to identify objects belonging to a wide, though well defined
set, reguits in relatively poor performance. One reason suggested for this is the effect
of end-point friction between the probe and the taskboard on which the object is
mounted. Fnd point friction s in turn related ta the level of internal friction present
within the manipulator arm.

Sensory feedback improves performance, and two types of feedback were investi-
gated. The eflect of re-perception assisted the conceptualization of object primitives
and their spatial relationships to each other and resulted in a reduction in the num-
ber of rcognition failures and in the reduction of object recognition times. The
availability of unambiguous object contact information reduced the haptic signal
to noise ratio and resulted in all objects being recognized, again with a further
reductin in recognition times.

Results obtained usiug direct probing by & human operator indicated substantial
improvements in performance, and it is suggested that this is the result of differences
in friction, inertia, compliance and kinernatics between the human and mechanical
systems.
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